Brain hemodynamics serve as a proxy for neural activity in a range of noninvasive neuroimaging techniques including functional magnetic resonance imaging (fMRI). In resting-state fMRI, hemodynamic fluctuations have been found to exhibit patterns of bilateral synchrony, with correlated regions inferred to have functional connectivity. However, the relationship between resting-state hemodynamics and underlying neural activity has not been well established, making the neural underpinnings of functional connectivity networks unclear. In this study, neural activity and hemodynamics were recorded simultaneously over the bilateral cortex of awake and anesthetized Thy1-GCaMP mice using wide-field optical mapping. Neural activity was visualized via selective expression of the calcium-sensitive fluorophore GCaMP in layer 2/3 and 5 excitatory neurons. Characteristic patterns of resting-state hemodynamics were accompanied by more rapidly changing bilateral patterns of resting-state neural activity. Spatiotemporal hemodynamics could be modeled by convolving this neural activity with hemodynamic response functions derived through both deconvolution and gamma-variate fitting. Simultaneous imaging and electrophysiology confirmed that Thy1-GCaMP signals are well-predicted by multiunit activity. Neurovascular coupling between resting-state neural activity and hemodynamics was robust and fast in awake animals, whereas coupling in urethane-anesthetized animals was slower, and in some cases included lower-frequency (<0.04 Hz) hemodynamic fluctuations that were not well-predicted by local Thy1-GCaMP recordings. These results support that resting-state hemodynamics in the awake and anesthetized brain are coupled to underlying patterns of excitatory neural activity. The patterns of bilaterally-symmetric spontaneous neural activity revealed by widefield Thy1-GCaMP imaging may depict the neural foundation of functional connectivity networks detected in resting-state fMRI. neurovascular coupling | resting state | GCaMP | optical imaging | neural network activity F unctional magnetic resonance imaging (fMRI) measures local changes in deoxyhemoglobin concentration [HbR] as a surrogate for neural activity. In stimulus-evoked studies, the positive fMRI blood oxygen level-dependent (BOLD) signal corresponds to a decrease in [HbR] caused by a local increase in blood flow leading to over-oxygenation of the region. However, a growing number of studies are now using resting-state functional connectivity fMRI (fc-fMRI) in which spontaneous fluctuations in the BOLD signal are recorded in the absence of a task (1). Spatiotemporal correlations in these hemodynamic signals across the brain have been found to be bilaterally symmetric and synchronized in distant brain regions. This synchrony is interpreted as representing the connectivity of intrinsic neural networks (2-6). Many studies have identified changes in these resting-state networks during brain development (7, 8) and in neurological and even psychological disorders (9-11). However, understanding the meaning of both normal and altered functional connectivity networks requires a clearer picture of the neural activity underlying the hemodynamic fluctuations detected by resting-state fMRI.
Brain hemodynamics serve as a proxy for neural activity in a range of noninvasive neuroimaging techniques including functional magnetic resonance imaging (fMRI). In resting-state fMRI, hemodynamic fluctuations have been found to exhibit patterns of bilateral synchrony, with correlated regions inferred to have functional connectivity. However, the relationship between resting-state hemodynamics and underlying neural activity has not been well established, making the neural underpinnings of functional connectivity networks unclear. In this study, neural activity and hemodynamics were recorded simultaneously over the bilateral cortex of awake and anesthetized Thy1-GCaMP mice using wide-field optical mapping. Neural activity was visualized via selective expression of the calcium-sensitive fluorophore GCaMP in layer 2/3 and 5 excitatory neurons. Characteristic patterns of resting-state hemodynamics were accompanied by more rapidly changing bilateral patterns of resting-state neural activity. Spatiotemporal hemodynamics could be modeled by convolving this neural activity with hemodynamic response functions derived through both deconvolution and gamma-variate fitting. Simultaneous imaging and electrophysiology confirmed that Thy1-GCaMP signals are well-predicted by multiunit activity. Neurovascular coupling between resting-state neural activity and hemodynamics was robust and fast in awake animals, whereas coupling in urethane-anesthetized animals was slower, and in some cases included lower-frequency (<0.04 Hz) hemodynamic fluctuations that were not well-predicted by local Thy1-GCaMP recordings. These results support that resting-state hemodynamics in the awake and anesthetized brain are coupled to underlying patterns of excitatory neural activity. The patterns of bilaterally-symmetric spontaneous neural activity revealed by widefield Thy1-GCaMP imaging may depict the neural foundation of functional connectivity networks detected in resting-state fMRI. neurovascular coupling | resting state | GCaMP | optical imaging | neural network activity F unctional magnetic resonance imaging (fMRI) measures local changes in deoxyhemoglobin concentration [HbR] as a surrogate for neural activity. In stimulus-evoked studies, the positive fMRI blood oxygen level-dependent (BOLD) signal corresponds to a decrease in [HbR] caused by a local increase in blood flow leading to over-oxygenation of the region. However, a growing number of studies are now using resting-state functional connectivity fMRI (fc-fMRI) in which spontaneous fluctuations in the BOLD signal are recorded in the absence of a task (1) . Spatiotemporal correlations in these hemodynamic signals across the brain have been found to be bilaterally symmetric and synchronized in distant brain regions. This synchrony is interpreted as representing the connectivity of intrinsic neural networks (2) (3) (4) (5) (6) . Many studies have identified changes in these resting-state networks during brain development (7, 8) and in neurological and even psychological disorders (9) (10) (11) . However, understanding the meaning of both normal and altered functional connectivity networks requires a clearer picture of the neural activity underlying the hemodynamic fluctuations detected by resting-state fMRI.
Prior studies using electrophysiology (12) , electrocorticography (13) , and magnetoencephalography (14) have observed synchronous patterns of neural activity in distant, often bilateral brain regions, consistent with a neural representation of functional connectivity networks. Studies combining acquisition of electrophysiology and fMRI data in both anesthetized (15, 16) and awake (17) primates have also found correlations between resting-state BOLD signals and local field potentials (LFPs). However, the highest correlations reported to date are around 0.3 for gammaband powers between 40 and 100 Hz. Questions thus remain regarding the extent to which resting-state hemodynamics correspond to neural activity, the kinds of neural activity represented by resting-state fMRI signals, and whether additional hemodynamic components contribute to and confound fc-MRI analysis.
In this study, simultaneous wide-field optical imaging of hemodynamics and neural activity was performed in awake and anesthetized mice expressing the genetically encoded calciumsensitive fluorophore GCaMP in layer 2/3 and 5 excitatory neurons. This experimental approach enabled high-speed imaging across the entire dorsal surface of the mouse cortex, depicting both spontaneous neural activity and hemodynamics in parallel (18, 19) . Single-site electrophysiology with simultaneous GCaMP Significance Resting-state functional connectivity mapping exploits correlations in the functional magnetic resonance imaging (fMRI) blood oxygen level-dependent (BOLD) signal across the brain. However, results are difficult to interpret without an understanding of the neural correlates of these hemodynamic fluctuations. This work uses mice in which neural activity and brain hemodynamics can be mapped simultaneously. We show that resting-state hemodynamics can be predicted from spontaneous neural activity and correspond to a series of driven increases in local blood volume, coupled with spontaneous, bilaterally symmetric fluctuations in excitatory neural activity. This result provides reassurance that resting-state functional connectivity has neural origins. The network-like spontaneous neural activity visualized here represents an underexplored feature of neural activity in the awake brain.
imaging was used to confirm that recorded fluorescence, after hemodynamic correction, represents local multiunit activity (MUA). The relationship between spontaneous activity in excitatory neurons and resting-state hemodynamics was then assessed using both deconvolution and a gamma-variate fit-based convolution model. This analysis demonstrates that resting-state hemodynamics in the awake brain can be well predicted by resting-state neural activity over the entire bilateral field of view. This result suggests that resting-state hemodynamics are dominated by the summation of successive increases in blood flow coupled to spontaneous neural events. Urethane anesthesia resulted in slower coupling, and in some cases introduced slow trends in hemodynamics that were not accounted for by Thy1-GCaMP signals. The spontaneous neural activity found to be coupled to resting-state hemodynamics exhibits strong bilateral synchrony in both awake and anesthetized states, with spatial patterns consistent with resting-state functional connectivity networks.
Results
To visualize both neural activity and hemodynamics, awake (Thy1-GCaMP6f) and urethane-anesthetized (Thy1-GCaMP3) mice were imaged using simultaneous fluorescence and multispectral wide-field optical mapping (WFOM) through a thinned-skull cranial window (18, 20 (Fig. 1B) . Hemodynamic signals were also used to correct recorded GCaMP fluorescence for the time-varying effects of hemoglobin absorption. All imaging and analysis methods are described in SI Materials and Methods (18, 20, 21) .
Awake mice were imaged head-fixed but positioned on a saucer wheel and were free to run during imaging. The motion of the wheel was monitored throughout imaging using a webcam synchronized with image acquisition. All periods of running were removed, and "resting-state" epochs were defined as periods of at least 30 s of continuous rest. Thy1-GCaMP lines were chosen because of their selective expression of calcium-sensitive GCaMP in excitatory pyramidal neurons in cortical layers 2/3 and 5, as shown in Fig. 1A (22) . Changes in GCaMP fluorescence reflect changes in intracellular calcium, and have been widely shown to correspond to neural spiking activity in studies using two-photon microscopy (22) (23) (24) . The kinetics of GCaMP3 and GCaMP6f are similar (25) . High-speed wide-field imaging of GCaMP fluorescence provides a depthintegrated, ensemble measurement of neural events over a much larger field of view compared with two-photon microscopy (18, 19, 24, 26) . However, an essential consideration when using wide-field GCaMP imaging is the spectral overlap between hemoglobin absorption and GCaMP excitation and emission bands (Fig. 1B) (18) . Simultaneous measurement of cortical hemodynamics and GCaMP fluorescence in our experiments enabled a correction for these absorption effects as described in detail in SI Materials and Methods.
To verify that hemodynamics-corrected wide-field Thy1-GCaMP signals represent underlying neural activity, WFOM measurements were acquired simultaneously with MUA in urethane-anesthetized animals (Fig. 1C) . GCaMP and MUA, at the same cortical locations, were compared before and after hemodynamic correction, with MUA convolved with a best-fit gamma-variate function mimicking the kinetics of neural calcium and GCaMP's calcium response (Fig. 1D) . Significantly higher correlation coefficients between Thy1-GCaMP fluorescence and convolved MUA were found after hemodynamic correction (Fig. 1E, and Fig. S1 for GCaMP6f). Fig. 1F shows an example of spontaneous MUA with simultaneously recorded hemoglobin-corrected GCaMP3 fluorescence from the same region and the gamma-variate-based convolution fit between the two. Best-fit parameters agree well with two-photon characterization of GCaMP using cell-attached recordings (22) (GCaMP3: time to peak, 0.18 ± 0.01 s; width, 0.35 ± 0.02 s; GCaMP6f time to peak, 0.29 ± 0.09 s; width, 0.36 ± 0.18 s; mean ± SD). We conclude that hemodynamics-corrected wide-field fluorescence signals in Thy1-GCaMP mice provide an accurate representation of the integrated spiking activity of excitatory neurons.
Movie S1 shows recorded GCaMP6f data in the awake brain before and after hemodynamic correction, with concurrent Δ[HbT] (also shown as plots in Fig. S1 ). Fig. S2 shows data acquired on a Thy1-YFP mouse demonstrating expected strong hemodynamic cross talk, but only small variance attributable to intrinsic flavoprotein fluorescence after hemodynamic correction (19) .
Spatiotemporal Patterns of Resting-State Neural and Hemodynamic
Activity. Fig. 2A shows a sequence of the spatial patterns of spontaneous neural activity recorded in the awake mouse brain during a period of rest using wide-field GCaMP6f imaging (after hemodynamic correction), along with concurrent maps of hemodynamics given by Δ [HbT] . The patterns of spontaneous neural activity evolve rapidly, exhibiting synchronization between regions and bilateral symmetry. Changes in [HbT] occur at a much slower pace, yet the [HbT] spatial pattern at t = 25.3 s can be seen to resemble the neural spatial pattern at t = 24.1 s (corresponding patterns marked by a, b, and c). (27) . Although the need to correct GCaMP fluorescence measurements for hemodynamic contamination is a potential confound, these time sequences underscore that patterns of neural activity are detected many frames before hemodynamic changes, yet are clearly coupled to spatially-correlated hemodynamics. Changes in [HbR] are the primary contributor to the fMRI BOLD signal (28) . However, [HbR] can be affected by changes in oxygen consumption, blood flow, and blood volume, making it ambiguous to interpret. Conversely, Δ[HbT] represents a change in the concentration of blood in tissue, independent of local changes in oxygenation, and thus should provide a more pure measure of a physical change in vascular tone. Calculating the average peak amplitude of the cross-correlation between Δ[HbR] and Δ[HbT] across anesthetized resting-state trials and mice (allowing for relative temporal delays), we find a −0.86 ± 0.10 (n = 6 mice) correlation between Δ[HbT] and Δ [HbR] . This result suggests that, as in stimulus-evoked fMRI, the driving component of changes in [HbR] in the resting state are evoked increases in local blood flow causing increased oxygenation [leading to positive BOLD responses (27) ] rather than modulations in oxygen consumption. Analysis here thus focuses on [HbT] dynamics rather than [HbR] , in order to examine physical coupling of vascular modulations to neural activity.
Analysis of Spatiotemporal Neurovascular Coupling. Although a qualitative relationship between neural activity and hemodynamics can be appreciated from the data shown in Fig. 2 , a more quantitative approach is needed to evaluate the properties of restingstate neurovascular coupling. A commonly used approach is to assume a linear model of neurovascular coupling, such that hemodynamics would correspond to the convolution of neural activity and a gamma-shaped hemodynamic response function (HRF) (29, 30) . Here, three different strategies were developed to test this linear relationship: gamma-variate fitting, deconvolution, and spiketriggered averaging.
Gamma-variate fitting analysis has been performed previously to analyze stimulus-evoked neurovascular coupling data (30) (31) (32) . Here, a three-parameter gamma-variate function was used to approximate an HRF. Parameters were optimized to yield the best-fit (minimized least-squares error) between measured Δ[HbT] and the HRF convolved with corrected GCaMP-based recordings of neural activity (30, 33) . The resulting best-fit HRF at each pixel was then convolved with the GCaMP time course of that pixel and compared with measured Δ[HbT] at the same position using Pearson's correlation coefficient to quantify goodness of fit. Unlike correlation-based analysis of LFP band power (15, 34, 35) , this method assumes a clear linear model of neurovascular coupling where excitatory activity is expected to generate a proportional, localized increase in [HbT] (local hyperemia).
Deconvolution is an alternative approach that similarly assumes a linear convolved model of neurovascular coupling but does not impose constraints on the temporal shape of the convolved HRF. A diagonal loading method was used to deconvolve each pixel of Δ[HbT] data from corrected GCaMP data, yielding a similar spatially resolved HRF for each dataset. The resulting HRF at each pixel was then temporally cropped and reconvolved with the pixel's GCaMP time course, and compared with the pixel's measured Δ[HbT] using Pearson's correlation.
Spike-triggered averaging (15, 36) was also used to demonstrate the form of coupling between resting-state neural events and hemodynamic activity independent of GCaMP corrections and model dependencies as described further below. Model-based analysis of awake, resting-state data. (Fig. 3C) .
Performing fitting analysis for each pixel individually permits HRFs to vary spatially over the field of view. Fig. 3D shows a map of the Pearson correlation coefficient between measured and gamma-variate modeled Δ[HbT], and maps of optimized fit parameters (gamma function amplitude A H , peak time T H , and width W H ) from the same trial shown in Fig. 3B . Fit parameters vary somewhat across the cortex, with A tracing the distinct shapes of the cortical arteries reflecting the higher amplitude contribution of surface vessels to WFOM hemodynamics (18, 37) . Equivalent analysis was performed for all nonrunning epochs lasting >30 s from six awake mice, each imaged multiple times on different days (two recording days were removed owing to excessive motion artifacts). To summarize fit quality across all trials and all mice, a region over the somatosensory cortex was binned to 16 × 16 pixels (equivalent to a 1-mm 2 region) and analyzed using both deconvolution and gamma-variate fitting. Fig. 3F shows average Pearson's correlation coefficients and their standard deviations over these regions for individual trials in chronological order for the deconvolution model (see Fig. S3 for gamma-variate equivalent). The overall distribution of averaged correlation coefficients across trials, days, and animals is also shown. Correlation coefficients ranged from 0.3 to 0.9, with an average across all animals and trials of 0.63 ± 0.02 over six animals (0.53 ± 0.03 for gammavariate fitting, where the temporal shape of the HRF is more constrained). Fig. S4 shows additional examples of time courses and fits from three different awake animals, comparing trials that yielded higher and lower correlation coefficients. In all cases, general trends are well modeled, whereas noise, motion artifacts, and low hemodynamic variance can be seen to degrade fit correlation coefficients. Fig. S5 shows time series fits for different cortical locations within the same trials, demonstrating that hemodynamics are well predicted by local neural activity and evenly correlated across the cortex. Frequency dependence of neurovascular correlations. Mathematically, convolution of a broadband signal with a gamma function will act primarily as a low-pass filter, integrating faster activity into a moving average over time. The fits above thus suggest that a lowfrequency component of resting-state neural activity accounts for resting-state hemodynamic fluctuations. The frequency dependence of the cross-correlation between corrected GCaMP6f and [HbT] data was assessed by bandpass filtering (BPF) both datasets with a 0.35-Hz sliding frequency-domain window from 0.035 to 5.2 Hz with an increment of 0.035 Hz. The peak amplitude and phase delay of the cross-correlation between neural activity and hemodynamics for each frequency band was calculated for all awake resting-state epochs in all animals. Peak correlations were found at a frequency of around 0.21 Hz, decreasing both toward 0 Hz and above 0.4 Hz (Fig. 4A) . The average temporal delay of the crosscorrelation at 0.21 Hz was 0.86 ± 0.05 s across all animals representing the phase shift between neural activity and [HbT] (Fig. 4B) .
As a simple demonstration of this result, Fig. S6 and Movies S4 and S5 show Thy1-GCaMP6f data low-pass filtered at 0. Model-based analysis of anesthetized resting-state data. In urethaneanesthetized Thy1-GCaMP3 animals (n = 6), data were acquired using both bilateral and unilateral thinned-skull windows (unilateral with simultaneous electrophysiological recordings). Model-fitting analysis was performed using the full 180-s duration of each imaging trial. Because anesthesia caused much higher variability in physiological state, mice were excluded from analysis if poor physiological state led to nontypical patterns of neural activity or hemodynamics, or if physiological monitoring implied poor health.
An example of analysis on a urethane-anesthetized mouse exhibiting a high overall correlation coefficient is shown in Fig. S7 However, other anesthetized trials yielded poorer fits. A trial with a correlation coefficient of 0.19 is shown in Fig. 5B . The measured Δ[HbT] time course in this case exhibits a large decrease in [HbT] in the middle of the trial that is not accounted for in either deconvolution or gamma-variate-based model fitting. Highpass filtering of hemodynamic time courses at 0.04 Hz was found to remove these slow trends, yielding resting-state hemodynamics that more closely resemble those seen in awake data. Performing deconvolution and gamma-variate fitting after 0.04-Hz high-pass filtering of both GCaMP and Δ[HbT] data dramatically improved fit correlation coefficients as shown in Fig. 5C (Movie S7 shows this fit sequence, while spatial patterns of fit parameters for this trial are shown in Fig. S8 ). Repeated across all anesthetized animals, fitting before and after <0.04-Hz slow-trend removal, the average correlation coefficients across all anesthetized animals and trials improved from 0.44 ± 0.05 to 0.68 ± 0.04 for gamma variate fitting and 0.41 ± 0.06 to 0.70 ± 0.03 for deconvolution (P = 0.005 and P = 0.006, respectively; n = 6; paired t test) (Fig. 5 F and G) . To determine whether slow hemodynamic trends are unique to urethane anesthesia, <0.04-Hz slow-trend removal analysis was repeated on all awake data ( Fig. S11 shows all analysis in Fig. 3 repeated after >0.04-Hz HPF). With the caveat that awake but nonrunning data epochs were shorter in duration (30-60 s), and thus trends <0.033 Hz may not be fully represented, high-pass filtering awake data at 0.04 Hz before fitting had a much smaller effect on fit correlation coefficients than for anesthetized data (Fig. 5G ) (average correlations changed from 0.51 ± 0.02 to 0.58 ± 0.02 for gamma-variate fitting and 0.64 ± 0.01 to 0.63 ± 0.01, n.s. P = 0.63, for deconvolution, all for n = 6, paired t test. Fig. 5H shows that high-pass filtering at 0.04 Hz removes significantly more variance from anesthetized data than data acquired in the awake brain (P = 0.015; n = 6; paired t test).
Comparison of Resting-State Coupling in Awake and Anesthetized
States. HRFs generated in awake and anesthetized conditions across all trials and mice, calculated using both gamma-variate fitting and deconvolution, are compared in Fig. 6 . The HRF in awake Thy1-GCaMP6f animals (using 0.02-to 2-Hz BPF) was consistently found to have a shorter time to peak (P < 0.005 for both models) and a narrower peak than anesthetized Thy1-GCaMP3 mice (0.04-to 2-Hz BPF) (Fig. 6C) (P < 0.005 for both models, double-sided Student's t test; n = 6). These temporal features agree well with stimulus-evoked HRFs measured in awake and urethane-anesthetized rats (31) , including the observation of stronger poststimulus undershoots in the awake state (38) . Differences cannot be accounted for by the minimal (<0.1-s) difference between the temporal properties of these two GCaMP types, as demonstrated in Fig. 1 and Fig. S1 (25) . However, HRF amplitudes between awake (all GCaMP6f) and anesthetized (all GCaMP3) conditions are not compared for this reason. Higher variance of HRF parameters in anesthetized animals may be due to the more widely varying physiological states of the animals during acute experiments compared with robust HRFs in awake animals (Fig. 6B) .
Spike-triggered averaging was also performed on data from both awake and anesthetized mice, averaging hemodynamic changes in [HbT] , [HbO] , and [HbR], corresponding to events identified within resting-state GCaMP recordings (Fig. 6D) (36) . This method is not constrained to an expected hemodynamic model and was performed on GCaMP data without hemodynamic correction, and without high or low-pass filtering of hemodynamic data. Results show clear correlated increases in [HbT] and [HbO] with decreases in [HbR], consistent with functional hyperemia, and agree well with the properties of awake and anesthetized HRFs modeled by gamma-variate fitting and deconvolution (Fig. 6D) . The anesthetized response agrees well with results reported in resting-state, urethane-anesthetized rats (36) . Spike-triggered averaging provides strong, independent evidence that spontaneous neural activity in the resting-state awake or anesthetized brain is coupled to local, correlated functional hyperemia.
Discussion
This study used wide-field optical imaging of both neural GCaMP and cortical hemodynamics in awake and anesthetized mice to visualize underlying neural correlates of resting-state hemodynamics. Electrophysiological recordings demonstrated that measured Thy1-GCaMP signals (after hemodynamic correction) could be predicted from MUA, corresponding to spiking of excitatory neurons. Thy1-GCaMP imaging of the bilaterally exposed cortex revealed rapidly changing patterns of symmetric, spontaneous resting-state neural activity in both awake and anesthetized conditions.These patterns of neural activity were shown to predict resting-state hemodynamics across the cortex via a linear HRF-based convolution. Both gamma-variate and deconvolution-based fitting performed well, although slow hemodynamic trends in some anesthetized animals (<0.04 Hz) were not well predicted by Thy1-GCaMP recordings. Together, these results demonstrate that successive hyperemias coupled to distinctive patterns of neural network activity are a major contributor to resting-state hemodynamics.
Comparison with Prior Studies of Resting-State Neurovascular
Coupling. Prior studies exploring resting-state neurovascular coupling have reported relatively low correlations between fMRI BOLD signals and electrophysiological recordings, typically around 0.3 (15) (16) (17) . We attribute the higher correlation values shown here to a number of factors: (i) high-speed wide-field GCaMP imaging acts as a spatiotemporal integrator, averaging ensemble activity of multiple neurons at a given site and over the time between measurements. The use of Thy1-GCaMP mice enabled selective sensitivity to spiking activity in excitatory neurons, without contributions from other brain cells, other types of electrical activity, or interference from confounds such as simultaneous fMRI acquisition. This integration and selectivity combined might more readily reveal correlations and trends between distant groups of neurons that cannot be appreciated from single-unit recordings, or two-photon microscopy observations of small, unilateral fields of view. (ii) Improvements in GCaMP, illumination sources, and cameras enabled high-speed, large-field-of-view imaging of spontaneous neural activity and concurrent hemodynamics with good signal-to-noise with no averaging. The resulting clear view of patterns of bilaterally synchronous spontaneous neural activity in the awake brain ensure that signals are not contaminated by movement artifacts or other experimental confounds, which can be difficult to distinguish in single-point measures. (iii) The analysis approach used here assumed a neurovascular coupling model in which neural events would (directly or indirectly) evoke a stereotyped Δ[HbT] response, a model with a strong physiological basis (28) . HRF parameters were allowed to vary over the cortex to account for expected differences in the dynamics of different vessel types (18, 37, 39, 40) . It should be noted that best-fit HRFs were generated for each run and were not assumed to stay constant over time. Our methods therefore test the goodness of fit of an HRFbased linear convolution model but do not cross-validate this model assuming a time-invariant HRF. Finally, analysis focused on modeling Δ[HbT] rather than Δ[HbR], assuming a linear neurogenic hyperemia model and removing the need to account for oxygen consumption as another variable (although Δ[HbT] was shown to be strongly correlated to Δ[HbR], and thus anticipated BOLD signals). (iv) fMRI data are typically acquired at <0.5-Hz volume rates, although longer epochs give access to lower frequencies than examined here. Our HRF analysis revealed that the awake mouse brain has a temporally narrow resting-state hemodynamic n.s.
n.s.
Fig. 6. Summary of HRFs derived from multiple analysis methods. (A and B)
Comparisons of HRFs derived from gamma-variate fitting (blue) and deconvolution (red) in awake (A) and anesthetized (B) animals within the somatosensory cortex. Shaded regions show SEM across n = 6 mice in each group. (C) Parametric comparison of values from gamma-variate fits (averaged over S1), A (*P = 0.024, n.s. P = 0.66), T (n.s. awake P = 0.76, anesth P = 0.094, ***P < 0.005), W (n.s. awake P = 0.88, n.s. anesth P = 0.76, ***P < 0.005) (all paired-wise t test, n = 6) group. (D) Spike-triggered averaging for awake and anesthetized animals. Plots show the average among animals; shading shows SEM across animals (n = 6 mice in each group).
response, and frequency-dependent correlation analysis revealed a peak correlation at 0.21 Hz. The temporal resolution of prior fMRI comparisons may thus not have been sufficient to capture hemodynamic coupling at its peak correlated frequency. (v) The removal of hemodynamic cross talk and baseline trends was found to be important in performing fitting analysis. Slow hemodynamics trends seen in some anesthetized animals strongly degraded fitting and correlations. Bilateral imaging enabled the different spatiotemporal patterns of slow trends to be distinguished from higherspeed events predicted by GCaMP imaging. Together, these factors combined to yield fits across multiple trials and animals exceeding correlations of 0.8 in both awake and anesthetized states.
What Do Observed Patterns of Spontaneous Neural Activity Represent?
Wide-field Thy1-GCaMP imaging revealed bilaterally symmetric, synchronous fluctuations in neural activity across the brain, in both awake and anesthetized states, which were shown to be spatiotemporally coupled to resting-state fluctuations in hemodynamics (Movies S2, S3, and S7). Previous reports using both voltage-sensitive dyes and wide-field GCaMP imaging have noted similar bilaterally symmetric cortical patterns of neural activity, inferring functional connectivity between temporally correlated regions (26, 41) . Kozberg et al. (19) demonstrated the transition of spontaneous cortical neural events from unilateral to bilateral in mice between postnatal day 7 (P7) and P14, a period of postnatal development where transcallosal axonal projections are establishing, suggesting a direct link between neural activity patterns and physical networks. Widespread correlations and apparent waves of activity given by correlations between fMRI and discrete LFP recordings have also been noted in the primate brain (16) . However, the origin and the physiological meaning of these patterns of neural activity remain controversial (42) .
Waves and bursts of neural activity in the cortex are typically reported under conditions of non-rapid eye movement sleep (43) , anesthesia (urethane, ketamine), and quiet wakefulness (41, 44) . Such events are characterized by alternating subthreshold cortical membrane depolarization and hyperpolarization (UP/DOWN states), slow-wave activity that has been associated with memory consolidation (45) , and shaping responses to incoming stimulation (46) . Although electrophysiological recordings in both animals (12, 47) and awake human subjects (13) have demonstrated symmetry of spontaneous neural activity, characterization of brain-wide patterns of spontaneous neural activity in the awake brain has been limited (14) .
We propose that resting-state neural fluctuations observed here might represent modulations in local excitability within specific functional circuits. A modulation in excitability would increase the likelihood of neuronal firing within a region, but would not necessarily cause the same neuron to fire each time excitability increased. This mechanism could explain why neural network correlations are less evident in cellular-level recordings but are clear in spatiotemporally-integrated wide-field Thy1-GCaMP recordings.
Examining raw Thy1-GCaMP traces and movies (e.g., Movie S4), symmetric neural patterns can be seen to change rapidly from frame to frame. However, a clear enveloping of neural activity can also be seen in most cases, where neural events periodically become more frequent or cluster to form higher amplitude GCaMP signals, preempting subsequent increases in local [HbT] . Fig. S9 shows how this slow enveloping is essential to observe hemodynamic variance. Frequency-resolved crosscorrelations (Fig. 4) confirm that hemodynamics and GCaMP share a low frequency component from which neurovascular correlations arise (48) (although we note from Movie S4 that higher frequency coherence between neural activity in functionallyconnected regions is also evident).
A relationship between this neural enveloping and rhythmic neocortical UP and DOWN states may relate the detectability of functional connectivity networks to brain state (13) . Synchronization of activity in the LFP gamma band during UP states (49) might explain previous findings of correlations between gamma band LFP and fMRI signals (15, 17, 35) . However, since Thy1-GCaMP measurements provide sensitivity to spiking activity, with no expected representation of subthreshold membrane potential, our results demonstrate that resting-state hemodynamics result from a pathway of events that includes modulation in the spike rate of excitatory neurons, an effect that may be causally or otherwise coupled to modulations in gamma band LFP (16) .
It should also be noted that our results do not exclude the contribution of other cellular activity to resting-state hemodynamics. Interneurons, for example, have been implicated to play a role in neurovascular coupling (38, 50) , although there has also been significant debate regarding the BOLD response that should result from interneuron activation (51) (52) (53) (54) . Our results demonstrate that the activity of excitatory neurons is correlated to resting-state hemodynamics. However, any other form of cellular activity in the brain that is spatiotemporally coupled to neural spiking could thus also be correlated to resting-state hemodynamics. For example, spontaneous interneuron activity could feasibly be correlated to the modulation of excitatory neural activity and could therefore share a correlation with resting-state hemodynamics. This possibility also underscores that correlation does not imply causality. Similarly, synchronous activation of astrocytes, pericytes, or interneurons in the context of neurovascular coupling could contribute to the properties of the HRF, with the delayed undershoot observed in our awake, deconvolved HRFs (Fig. 6A ) being particularly interesting in the context of interneuron involvement (38) . Thus, although our studies here focused on correlations between excitatory neural activity and resting-state hemodynamics, further work is needed to chart the cellular pathways and dependencies of both neuromodulation, and neurovascular coupling in the resting state.
Effects of Anesthesia and Slow Hemodynamic Trends. Despite differences in the temporal shape of HRFs between urethane-anesthetized and awake mice, our results demonstrate that resting-state coupling between excitatory neurons and hemodynamics is intact in both conditions. In some cases, anesthetized animals were found to exhibit large, slow (<0.04-Hz) hemodynamic trends that were not well predicted by simultaneous GCaMP recordings. However, despite poor fitting, these periods did not represent complete "uncoupling," because removal of the slow hemodynamic component using a 0.04-Hz HPF left residual hemodynamics that could still be well predicted by local GCaMP fluctuations.
In considering the origin of these slow hemodynamic trends, it should again be noted that Thy1-GCaMP fluorescence selectively reports spiking activity in excitatory neurons in layers 2/3 and 5. Slower hemodynamic trends could thus be driven by other neuronal or cellular components of the brain whose activity is not spatiotemporally coupled to excitatory neural activity. Many prior studies have reported that activation or inhibition of structures such as the basal forebrain (nucleus basalis of Meynert) and the locus coeruleus (55, 56) can modulate cortical blood flow and might be expected to have lower spatial specificity, consistent with the spatial patterns of slow trends shown in Fig. S10 . Pisauro et al. (57) demonstrated "global" hemodynamic fluctuations in awake mice that correlated with pupil diameter, which infers brain arousal or alertness, whereas similar results were also found in awake behaving primates by Cardoso et al. (30) . Interneuron subtypes capable of altering blood flow may also play a role here (50) , whereas systemic blood pressure changes (23) , or even activities such as running (58) and anticipation (59) have been shown to cause blood flow modulations. Hemodynamics caused by these mechanisms may not be driven by the same neural pathways captured through recordings of local cortical spiking in Thy1-GCaMP mice. If the spatial dependencies of these alternative coupling mechanisms are different from local coupling, they could feasibly influence derived functional connectivity networks if present in resting-state fMRI data.
Implications for Resting-State fMRI. The results presented here demonstrate the clear presence of network-like, bilaterallysymmetric spontaneous neural events in the awake and anesthetized brain that are predictive of spatiotemporal patterns of resting-state hemodynamics. These findings suggest a firm basis for resting-state functional connectivity mapping as resolving the properties of network-based modulations in the spike rate of excitatory neurons. Coupling was most robust in the awake mouse brain, a closer state to awake human studies than conditions under anesthesia. Modelbased fitting results imply a linear relationship between neural activity and hemodynamics in the resting state, although best fits were achieved using region-specific HRFs (60) (61) (62) (63) .
However, our ability to visualize excitatory neural activity also underscored that linearly-coupled resting-state hemodynamics are accompanied by noise, experimental variance, and additional hemodynamic trends that might represent other neural, cellular, or systemic components. Isolation of neurally-coupled signals in resting-state fMRI data is thus a major challenge. Nonspecific preconditioning such as low-pass filtering and global regression could feasibly yield inferred networks with different dependencies on brain state, physiology, epoch duration, or other components of brain activity. The results presented here are the first step towards characterizing both the properties and dependencies of neural network activity and its spatiotemporal coupling to hemodynamics, and could ultimately yield new, more robust approaches to fc-fMRI analysis.
Materials and Methods
Simultaneous WFOM of hemodynamics and GCaMP fluorescence data were acquired on Thy1-GCaMP3 mice (n = 6) under urethane anesthesia, and awake Thy1-GCaMP6f mice (n = 6). All of the data were processed using a zero-phase temporal filter. No spatial smoothing was used. All of the results are expressed as mean ± SEM, unless otherwise stated. For detailed information, see SI Materials and Methods. All experimental procedures were reviewed and approved by the Columbia University Institutional Animal Care and Use Committee.
